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ABSTRACT

A search of available literature on research in stratified flow revealed

' . that the present state of research is dynamic, with many agerncies and

_ institutions in several countries involved. The report reviews the’

. mechanics of stratified flow, including mathematical principles and
_eriteria for similarity. Alternative instrumentation systems are dis-

~cussed. The research activities of the Bureau of Reclamation-are de- - '
scribed and future research in hydraulics of stratified flow is proposed.

' Research by the Hydraulics ‘Branch will consist of genera) studies con-
cerning the influence of intake geometry on selective withdrawal from

reservoirs. The initial studies will be extended to determine the effects

of reservoir geometry. ‘Gives 89 references.

DESCRIPTORS-- research and development/ reservoirs/ density -
_rents/ *hydraulic models/ hydraulic sl;'militude/ : hydra1ﬁli/cs'/115111;¥r3¥én-
tation/ temperature sensors/ thermocouples [ *water quality/ *strati-
fication/ thermistors/ Froude number/ velocity distribution/ turbulent

. flow/ temperature/ energy/ salinity/ sediment concentration/ flow/

.. turbidity/ bibliographies/ reviews ;= = - A o :
IDENTIFIERS-- Richardson number/ #gelective withdrawal / *stratified /

' flo'w_l *themal'stratification/ uniform flow =~ . i

o
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HYDRAULIC‘-‘ OF STRATIFIED FLOW--FIRST PROGRESS REPORT--
AN ANALYSIS OF THE STATE OF THE ART AND A DEF]NITION OF i
N N RESE.ARCH NEEDS
B R : PURPOSE
The purposes of th1s report are to review the basm pr1nc1p1es govern-
ing’ strat1f1ed £flow in reservmrs and to defme the present state of re-
_ ser,s.rcn in’ th1s sub]ect . ‘ : :

i

i I".

5 SRR ST (N SUMMARY

- fThe present state of research in stratlfled ﬂow is dynarnlc w1th many .
. jragencies and 1nst1tut10ns in several countries involved., Some areas .
- ff.' which' apparently require additional research are: the influence of res-
e erv01r ‘and- 1ntake geometry on selective w1thdrawa1 and the optlmma--
"~ tion'of intake. de31gn model: studies of particular reservoirs and cor-
: atlon wﬂh-prototype data, correlation of temperature distribution

. with dissolv xygen in reservoirs,, “artificial alteration of density °

. w-current; distribution in reservoirs'and estuarias, effects of hydraulic
e structures ‘such as stilling basins on reoxygenatlon, rand: eff ects of L
o earthquakes movement of water 1n reservmrs :

\wal/ 'from reservo:.rs. Pilot studies will be almed at: determm-.' i
1ng ‘the effécts of’ intake ‘and reservoir. geometry on'selective with- - =~

temperature model w1th 1nstrurnentat10u cons:.stmg ot‘
L RN . AR (é ) :

a by | the Froude and. Rlchardson "
in the: model and prototype The‘ =

n of gramty reduced by the ratio
eometr:.c model 1s used the dls'




 One source indicates that stratification due to temperature difference
is the most advantageous method of modeling stratified flows. Deter-
mination of density differences by measurement of temperatures can

. be done very accurately. The same source recommendv a thermo-
couple system for measurement of temperature R

INT RDDUC TION

Population explosion and industrial growth have greatly increased the

use of water for domestic, industrial, and agricultural purposes. Sur-
face and underground sources of usable water are rapidly being depleted,
resulting in increased attention to methods for conversion of sea water
and brackish inland water to fresh water. Investlgatlons are progressing
- in the control of water quality in surface streams, :Temperature,” dis-

_ solved oxygen content, mineral content, turbidity, ‘and pH are among:im-
portant propertles to be c0ns1dered in water quahty control :

\
The contro:.n of temperature is important for the mamtenance of flSh and
wildlife, 1)5,*r1gat1on and industrial applications such as condenser water
‘supply for ‘thermal generating plants. Stratlflcatlon due to temperature
-differences affects the absorption and transport of-sewage effluent, the
movement of sediment, and the distribution of' dissclved oxygen., On a
very large scale, the movement of temperature stratified layers 1n the
oceans affects continental c11mat1c cond1t1ons.. ‘ }‘;;.‘ S

. Dissolved oxygen in streams is necessary for blologlcal degradatlon of
-+ sewage and industrial wastes, and stream’ and reservcnr oxygen content
. ‘affects’ the growth of fish life. o

Density variations caused by dissolved salts are cons1derat10ns in the *
-design of locks between the sea and fresh water channels to control in-

g trusion of salt wate1l’.  Sea water intrusion into tidal estuaries andcoastal

e _ --jquahty

‘ground-water aquers has long been “a serlous problem .affectmg water

:;-\
R

X 'Knowledge of. the movement of sedlment in reservoirs; (turb1d1ty currents

- or density underflows) is necessary for ‘the determination of sediment
-depos1t1on and -sluicing operations. . Proper design of outlet structures
. can -ensure the release of clear water w1tn\de51rab1e temperature and
dlssolved oxygen content for downstream uscrs

g The Bureau of Reclamatlon has shown 1ncreasmg awareness of the prob—
j'ﬁllems of water quahty control, Among these problems have been sedi-
ment movement in reservoirs;  salinity of riverflows allocated to irri- "~ -
gatlon -and sa11n1ty intrusion in estuaries, Increasing attention is- belng g

given-io reservoir limnology and o, selective withdrawal from reservoir _
storage- for the-control of downstream temperature and. dissolved oxygen . -
content.. Growmg use of USBR impoundments for dornest1c water supply L

's_glvmg added 1mportance to water quahty control I
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MECHANICS OF STRATIFIED FLOW

Portions of the discussion presented in this section were extracted from
Section 26 of Streeter's "Handbook of Fluid Dynaml.cs" [6].1/

General

“Most stratified flow problems are directly concerned with two-layered
gsystems, Multilayered systems are less common and have application
primarily to problems in meteorology. An extension of the multilayered
system is a system with a continuous density gradient. Uniform flow in
a two-layered system is usually associated with density currents, which
are commonly known as gravity currents or underflows. Examples of
this phenomenon are cool-water underflows in streams and reservoirs,
underflows of sewerage effluent, and density currents of suspended sed-
iment in reservoirs. Uniform two—layered flow systerns can exist in

‘ e1ther a lammar or a turbulent state,

Nonuniform flow problems in two-layered systems include the movement
of saline wedges in salt water intrusion problems, the formation of sub- -
surface hydraulic jumps during filling of locks, rand the motion of waves
at the interface between two layers Interfac:la.l mixing due to wave mo-
tion must ailso be considered. The stability of the interface is important
in-the mechanism of selective withdrawal, with specific reference to the
w1thdrawa1 of layers of known temperature ina stratlfled reservou'.

After. mlxmg at the mterface between fluids of different den51t1es is well_'
_established, the mechanics of diffusion become important. Diffusion in
motionless, stratified systems is classified as unsteady and one dimen-
‘sional, and is analogous to one-dimensional heat conduction in a thin rod.
In estuary studies the diffusion and accompanymg distribution of salinity
- can be used to predict the d1str1but10n of other 'contaminants, such as
. dlssolved oxygen.

nghly stratified tidal estuaries (where ‘the density differences are large)
- tend to ghift toward a vertically homogeneous {(no stratification) type .

through a process of steady-state diffusion, dependent upon the velocity
~.of the fresh water and the rate of energy dissipation.. ~Another applica- .
" tion is the diffusion of jets distharging into a fluid of different density,
~as in: sewerlme ocean outfalls or atmospherlc pollution problems.

_.Mathematlcal Principles |

Energ_y Concepts B

o ThlS dlscussmn w111 be 11m1ted to a two-layered system or, w1th certain
R 11rn1tat1ons, to any two layers in a more cornplex System A deflmtlon

‘T}’Numbers in brackets refer to references llsted at the end of th:.s report




‘It is assumed that the upper 1ayer is. statlc
‘and. the lower layer is moving at'a velocrty u. The'densities of the upper -

- -and:lower ‘layers are demgnated by 8 and P, respectwely. The energy.
”_'equatmn between two ‘points, a and. 'b .on: the 1nterface i o0 e

: '-eketch is shown in F1gure 1.

e SO S R R L=t P22 te, 80

when all :tenne..'ar_é]di_\fided by y

Thrmth

R
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.- At.a free I:_sl‘l,i‘rf'ac_:e“('eir-Water’i:lit'ej;f_fa'._c':e),.' f_\.pﬂ o Therefore, -

Y

Thus, at a,ny pomt in. the lower layer the movement of fluid is governed
-:by the reduced. grawtatlonal force’ a.nd is. descnbed by the dlmensmnless
para.meter : .

wh'ch"1s knOWn as the denSLmetnc Froude number. ‘

_Unlform Flow in a’ Strat1f1ed F1u1d o

-:‘.The equ.111br1um equatlon is -

nay. be'neglec ed.
_andithat the vel




where the constant o depends on the 1003.1:10!1 of the maximum- ve10c1ty
(see: Flgure 3) . : . S




'-wh_lch mdmates a'ratio of gravlty and viscous forces ‘is included in the
) _.-expressmn for the laminar veloc1ty d15tr1but1on . R
(F' "
= ‘ Re )
,where F’ 1s the den51metr1c Froude number derlved earller. '.(The sub— -
-Tscrlpt 2 .refers-to the bottom layer ) CoT
R L e Re, =2

"’The dlmensmnless form of the velomty d1str1but10n 1s

=1 + = ‘1-;?'— - [ ( ) .]: ._z..._l ]
'let‘erentlatmn of- thls equatlon gwes the: relatlon between the 1nterface )
_--ve10c1ty and the max1mum ve10c1ty, '

s

e

.f‘“.i' ) 12.3':--]-1-“

5__

Turbulent flow in- stratlfled ﬂu1ds..——Ve10c1t1es in: turnulent flows of strat-
ified:fluids may:be: estimated by: adJustment of Equation:(11).. The problem
is not:subject:to; exact analysis. “The term {1 +:q)in Equatlon (11) »in- .
dlcates ’Ehe:necessary increasein ¥ ‘due to'the. presence ‘of the interface
(a.= 0 for free-surface flows). 'The-value of .f°is obtained from the -
Moodywdlagram for flow:in condults by using B h_ .as'the: hydraulic radius;’
then -adjusting’ this value 'with the’ factor {1+ a) Experlments have. shown:
an:average’ ‘value of ¢ “of about:0.43, based on a- maxlmum velomty occur-~
ing:dt.a. depth of: approxunately 0.Ths. ‘No. systematlc variation: w1th the
Reynoldsnumb‘er (v h o for. Reynolds numbers less than 10




: 'Fﬂow in ustrat1f1ed ﬂmds are related to: changes in flow regnne ‘caused by

control Bsections consisting of fresh water barriers, artificial barriers,
-or changes.in cross-sectional shape or bottom prof11e. Agam these prob-
lems are. analogous to those for free—-surface ﬂowJ Ly

",':'I'he purpose of this sectmn on the mathemat1cal prmc1p1es of the mechamcs
-of :stratified:flow has'been to.present the basic 2quations governing the mo-
‘tion of ‘stratified fluids and to illustrate’ their- 51m_11ar1ty with- correspondmg

' _::equatlons for free-surface flow, ‘The more: spe01f1c topics of sediment
‘transport, ‘internal -wavi motion, ‘interfacial mixing, ‘multilayered systems
-andcontinuous -density gradlents and diffusion will not be discussed in this
report. ‘A detailed: discussion of these topics is included in Sectlon 26 of

‘ Streeter 5! Handbook of Fluid Dynamlcs, c1ted earher. S

B

Smnhtude and Modelmg Laws

: .?Crl.terla for Slmllanty

i'I'he denmmetmc Froude number was dlscussed 1n thc precedmg sectlon and
wasapresented as Equatlon (5) ' . . 3

':model and: prototype must: be 1dent1cal CAn’ alternate expressmn whlch 1s
i-a;so w1de1y uSed 1s the Rlchardson number Rl expressed by SRS :




average velocity,
T flow depth, -
| p 'densityat bdtto___m_,
- op ehan.ge in d.ensity over h

.'fThe equatlon is essentlally 1dent1calff..o Equatlon (5) for a two-layered
: -system :

© M. B Abbott and I. Larsen [hj] dlscuss the modelmg of a shallow sur-

- fa.ee fluid spreading over another fluid and state that it is sufficient for
' the'densimetric Froude numbers of the model and prototype upper layers

" to.be equal. Their F' is in the same form as Equation (16), They
:further explain that to correctly model two layers the densunetrlc Froude
number , : _ o

_ o —u
L SRS I -

\Fg(h +h) S an -

' :should be, used where t_he subscnpts 1 and 2 refer to the upper and lower"

- - "ilayers reBPectwely

B eIn summary, when modehng a system w1th a contlnuous den31ty gradlent

- .or eitherlayer of a two-layered system, a densimetric Froude number
o nwithe a:form similar to Equation (16) must be egual in model and proto-

o type. CIE both layers of a two~1ayered system are modeled Equatlon (17) L
'.should be used : e AT _ R

; "'Chen [1'5] discusses model slmulatlon of thermal strat1flcat1on in

;.-.,j ..shallow cooling reservoirs, with particular reference.to heat exchange o
" :-.-at the surface and the effect of stratification on fiow: patterns.,ﬂ Several -
.excellent model kprototype comparisons are presented. :Chenpoints out

" that'when:the density differences in.model . and prototype-are not equal 1t

is impossible to.satisfy both the Froude: and Richardson. criteria, ‘He -
:suggests that the Froude .criterion can be ifeglected, since its 1mpor—' '
. 'tanceis generally" ‘limited to the reg1on in the immediate vicinity of the

‘reservoir inlet'and the’overall.reservoir flow-pattern is not greatly af- . -
fected. Tt seems to:the’ wnter that the Froude. crltenon should also be .
'1:_cons:.dered inithe: v1c1n1ty ‘of -an outlet-works intake, for example, ‘when .
“studies 'are being:made:of:the intake tower. geometry.‘ Possibly the error-,’
?-can be m1n1m12.ed by mamtammg small dens1ty d1fferences and attr:Lbutmg




less 1mportance to the Richardson criterion. In other words the si-
i mﬂltude criterion would depend on the type of problem being studied.

 Athird cr1ter1on for similarity is that the Reynolds' number in the model
. should be greater than a certain critical value based on the flow pattern.

"¢ Chen raises the important question as to what characteristic length should
o -be used in the dimensionless ratio. He suggests avoiding this difficulty by
_dropping the length term and using the ratio & to replace the Reynolds’

: numher This ratio hasthe dimensions of feet. VY Therefore, the: s1m11ar1ty :

"l"-_rule is ( ) (Q> , where the subscripts refer to. model and

L -.cr1t1ca1 respectwely The rule reduces further to Q> Q

. D1scharges above the value of Q will result in the same general flow pat-

’'tern. 'Q__ is governed by the model s1ze, water depth, reservoir to- AN

3 | :T_*Scale Dlstortlon

~ pography, relative positions of the inlet and outlet, etc. Chen suggests :
- that the value.of Qe ‘must be estimated from past experlments then

: checked in prelumnary model tests.

B D.1.H. Barr [15] states that if the model scale must be distorted be-

-cause ‘of laboratory space limitations or other reasons, the d1scharge
. -should b€ increased to mamtam turbulent flow and allow the viscous

forces to be neglected. "If the discharge is increased, the relatlve den-

e 51t1es should be adJusted to maintain R1chardson s1m11ar1ty. _

.":";If the ratl.o of the’ 1ncreas ed dlscharge to the dlscharge computed for snn- '
_.11ar1ty is: defmed as’ ;

e
Q

m(computed)

‘Hﬂthen to maintain the or1g1na1 Rlchardson number the model relatwe den—
s1ty is adJusted by R S o S
(Ap> (Ap> S - (18)

:where m and p de51gnate model and prototype respeetlvely

‘e ""‘gger : on‘of the horlzontal scale is necessary for

he rate .of -spread.of :a- stratified layer. The appro- c e

ined: through the use of a.congruency.dia- .. ..~
ch s;:presented in: Barr‘s a_rt1c1e Barr states T




INSTRUMENTATION FOR MODEL STUDIES

Density differences may be due to:temperature, salinity, or turbidity.
‘'Temperatures can be measured by thermometer, thermocouple, or
thermistor. Measurement of salinity is commonly accomplished by
determination of the conductivity of the sample. Turb1d1ty measure-
ments are made by use of photoelectric cells or various mechanical
devices for in situ measurements. Diffusion of stratified layers can
‘be measured with radioactive isotopes and Geiger counters.

Measurements can be made in situ or by continuous abstraction record-
ing. Continuous abstraction recording, which consists of continuous
withdrawal of a sample, has generally been restricted to salinity meas-
urernents. This method would probably be unsuitable for temperature -
measurement because of heat losses.. :

Choosmg a2 Recording System

Barr [67] suggests that the following factors should be considered in the
ch01ce of a recording system : :

Accuracy ove_r desired range of density difference.
Speed:of‘response to changes in the measured variable.
Ablhty to locahze the point of measurement
:Dlsturbance to the ﬂow
- 5. ‘Whether recordmg is autpmatic or by observer; if automatlc L
whether continuous or 1nterm1ttent 1f 1nterm1ttent determmatmn o
cf su1table interval. -
Number of pomts wh1ch can'be observed durmg one test.
' '7:. Whether measurements are in situ or after abstractlon 1f the
-“latter, whether continuous or in samples; and the comparative value

o -of the results whlch mlght be obtamed by these d1ffer1ng approaches. '

| R 'B'.' Adaptablllty to. d1ffer1ng aspects of. nonhomogene1ty studles

‘9 ¢ -Ease of use mcludmg ease:of 1nterpretat10n of recordmg

_-:Use of Temperature leference to Induce Strat1f1cat10n

“&Barr prefers the use of - temperature, rather than sa.11n1ty or. turb1d1ty,
to simulate stratificationin models. - The primary advanta.ge of this

:'method is-that*if- temperatures can be determmed to %0.1*¥., for-
“,;,example, the dens1ty d1fference can be found to an. accuracy of better




than one part in ten thousand. There is no fully comparable method -
available for measurement of density differences due to salinity or
turbidity. The primary disadvantages in the use of temperature as
the controlhng variable are;

1. Varlatlons in mscos1ty ThlS effect is negligible if the temper-
ature difference is small. : .

2. Nonlmearlty of the temperature-density relatlonshlp The
.relatton is approx:mately linear only between approx1mate1y 25°

and 60° F, ..~

3. Heat losses. The pr'obi'em of heat transfer between layers can be’
- minimized by maintaining a small temperature difference. Heat ex-
‘change through the model walls can be controlled by attempting to
maintain the water temperature approxlmately equal to the room tem--
-perature and by insulating the model, or by air- cond1t1on1ng the room.

| "Temperature Measurement by Thermocouple or Thermistor

Barr recommends a thermocouple system for the measurement of tem-
peratures statmg that such a system has the following advantages:

1. Good accuracy for the purpose 1ntended as compared with other
methods. : -

2 Ident1ca1 ca11brat10n for any number of probes

3. Dup11cat1on of probes and probe systems at low ‘cost.
“4 Equally apphcable to the recordmg of local. temperature changes
- due to.individual turbulence eddles or to the recordmg of relatwely

. :long period average values

. 5'_'. Speed in: obtammg data from many pomts. -

A thermlstor system has the same advantages as the thermocouple system.-- o

The thermocouple or: thermtstor system would probably mclude a sw1tch- .
ing arrangement so that. sets of probes could be read-in quick successmn
+“The. temperatures would be recorded on a multtchannel osc1110graph or”
Fean prmter oo :

'?-QOther Dev1ces for: Temperature Measurement SRR

-_‘_Watson [89]11sts several other dev1ces most of wh1ch ‘are for ap-'i :
‘proximate measurements, including paints, papers, pe11ets contact— L
;thermography;- -optical pyrometry, radiation: pyrometry, : pro;ectmn Lo

& photographlc techmques electromagnetlc effects and .




Use of Salinity Difference to Induce Stratification

The primary advantage of the use of salinity difference over temper-
ature difference to induce stratification is elimination of the problem -
of heat losses. One disadvantage is that the density cannot be deter- -
‘mined as accurately as temperature. Another disadvantage is that
-simultaneous measurement of the salinity of several points in the fluid
- cannot be performed as expeditiously as can temperature measurement.

The use of salinity for variations in density could probably be accom--

., blished with relatively simple mixing equipment; however, control of
» . the density might be more difficult than with a heat system.

Saliﬁi‘gy Measurement by Conductivity

An external potential source is necessary to measure the conductance

of a solution. Sensors currently being used for measurement of con-
ductivity include platinized electrode sensors, potentiometric sensors,
and-electrodeless sensors. The three types are described in detail in .
a paper by A, F. Mentink [88). Apparently, the only sensor which might
retain sufficient accuracy for use in a laboratory study is the platinized
electrode. Bridge circuitry is necessary for this method, Since con-
ductivity is dependent on temperature, some type of temperature com-
pensation must also be included in the system. Mentink states that tem-
perature effects are, generally, automatically compensated by using
thermistor-resistor networks. The measurement of conductivity does
not seem to offer any advantages with respect to instrumentation, as
compared to the measurement of temperature. S




PRESENT STATE OF RESEARCH (1966)

Research in stratified flow is currently being carried out by many
agencies and institutions.” Massachusetts Institute of Technology,
California Institute of Technology, and many other domestic and
foreign educational institutions have accomplished basic and applied
research in the field, in many cases in cooperation with Government
agencies. ‘ :

The U.S, Public Health Service, the Tennessee Valley Authority, the
U.S. Army Corps of Engineers, the National Bureau of Standards, the
U.S. Bureau of Reclamation, and many foreign agencies have conducted
investigations in various phases of water quality control and stratified
ﬂow :

- ASCE Seminar on Water QualityManagement

In July of 1965, a Seminar on the Hydraulic and Engineering Aspects of
‘Water Quality Management in River and Reservoir Systems was held in
- Chattanooga, Tennessee, under the sponsorship of the American Society
. of Civil Engineers, . The topics selected for discussion were; (1) im- -
‘poundments, (2) rivers, (3) estuaries, (4) models and specific project
 investigations. as tools for solving problems, (5) data, instrumentation
and automation, (6) quality modification by physical controls, "and (7}
- systems and optimization. It was concluded that a need exists for im-
-proved designs of outlet structures with possible inclusion of devices’
such as floating weirs or submerged barriers, A special category of -
improved outlet design is concerned with the design and testing of mul~
tiple outlets for existing structures. There is an apparent lack of data
on model-prototype conformarce, It was also noted that data are lack-: -
‘ing on the exchange of energy and gases (such as d1ssolved oxygen)
‘across 1nterfaces. i .

It was the consensus of the seminar part1c1pants that development of

. _.appropriate instrumentation'is in 1ts early stages partlcularly w11:h
B regard to: portable equipment.,

o ;i‘Need ex1sts for the appll.catlon of the englneermg sc1ences to quallty

' _ envu'onmental control selectwe w1thdrawa1 and m1x1ng under strat1f1ed &
T condltlons. o

: --Apparent Research Needs, Based on a L1terature Search

S _ﬁExtent of past and present research --Among the pr1rnary areas of ‘the :
“.mechanics of stratified flow which have been.or are being mvestlgated are::

-wave propagation-in stratified flow; density currents and siltation in: docks
‘and: ‘tidal'basing;. sahmty 1ntru510n, turbulent entrainment in strat1f1ed L
flows; “effects .of currents, salinities and riverflow.on river regimen;.
-motlon of salme frOnts in st111 water vert1ca1 m1x1ng in strat1f1ed ﬂowmg

e




water; temperature distribution in stratified flow; velocity distribution

- -at the stratification interface; stratified flow in saturated porous media;
density currents in reservoirs; flow of saline water from locks into
fresh water channels; recirculation of cooling water in rivers and canals;
critical flow and hydraulic jumps in 2 multilayered system; atmospheric -
flow problems; stability of layered flows; selective withdrawal, including
submerged sluice control of stratified flow and thermal density underflow
diversion; diffusion of stratified flows; and oxygen balance in estuaries.
It is noted that many of the general areas listed overlap each other. The.
purpose of including this list is to acquaint the reader with the wide var-
-iation in past and present research in stratified flow.

) Areas_.needing additional research. -—Some areas which apparently have

..not been investigated or which have been investigated to. a relatively small
“extent-are: ‘the influence of reservoir and intake geometry on selective

. withdrawal and the optimization of intake design, model studies of partic-
- ular reservoirs and correlation with prototype data, correlation of tem-

. perature distribution with dissolved oxygen in reservoirs, artificial alter-
ation of density current distribution in reservoirs and estuaries, effects’
of ‘hydraulic structures such as stilling basins on reoxygenatlon of rivers,

.and effects of earthquakes on. movement of water in reservoirs.

The toplcs listed in-the precedmg paragraph are based on an 1ndepend-

ent. literature study conducted by the writer. It is interesting to note
' that seéveral areas requiring additional research in the writer's op1n1on
e also agree with the f1nd1ngs of the prev1ously descrlbed ASCE seminar.

‘Research Act1v1t1es of the Bureau of Reclamat1on

-'Observatmn of the movement of strat1f1ed flows in Bureau of Reclama— :
- tionreservoirs began about 30 years ago in Lake Mead, andwas concerned
©-with-the movement of- densny currents along the reservoir bottom. The
-extent of prototype measurement has grown until, during the past few
years, . detailed measurements of water chemistry have been made through-
out: Lake Mead. These studies are being accomplished under the ‘super-. . -
- vision of the:Chemical Engineering Branch of the Division of Research in
“Denver.. Measurements of temperature and water chemistry also are being
made in- Cheney Reservoir by the city of Wichita under.contract, This:
reservoir.offers:a unique opportunity-to obta1n very useful data as it uti- -
lizes. ‘multiple outlets.. ~Also, all releases: pass through a treatment plant .
so that discharge rates ‘and quality may be very closely monitored. Meas-
“urements.of conductu.rlty and ternperature are also be1ng made in Foss
fReserv01r 0k1ahoma :

The Chemlcal Engtneermg Branch hopes 1o extend the Lake Mead meas-: . :
urements upstream to Lake Powell and eventually to. all reserv01rs in> oo




the Colorado River Basin. This comprehensive study would allow an
analysis of the effects of all reservoirs on the water quahty throughout
an entire river basin.

Future plans also include experiments on the natural reaeration rates of
streams downstream from dams, in particular for fast-moving streams

- which prevail in the Bureau of Reclamation regions. Similar studies have
been made by the Tennessee Valley Authority on slow-moving streams.

Tt is also hoped to determine the effect of impoundments on the water qual-
ity of streams by making quality measurements on a selected stream be-
fore and after dam construciion.

Region 2 of the Bureau of Reclamation is engaged in a water quality pro- .
gram in California. 'The program includes determination of the effects
of diversion from the Sacramento River on water quality in the Sacramento
. River Delta, effects of effluents from drains, reservoir turbidity, control
~of water temperature in reservoir releases, reservoir algae control, and
other problems. Region 2 uses a mobile water quality monitoring van
which contains instrumentation for the measurement of dissolved oxygen,
pH, conductivity, air and water temperature, sunlight, and turbidity.

| 'Reglons 1'and 4 are also- engaged in water quality monitoring programs.

Research by the Hydraulics: Branch has been limited to an electric anal—
ogy study of the effects of selective withdrawal from Lake Mead; hydrau-
lic, electric analogy, and mathematical studies of salinity intrusion in an.
estuary; a general investigation of the hydraulics of density currents; a
study of cooling water circulation.for a thermal generating plant; and a

" limited study of stratified flow over weirs., No. research in:'the hydrau-
11cs of stratlfled flow. has been conducted ‘gince 1956,

To the best. of: *he wr1ter S knowledge no other 31gn1f1cant studles have

L :been ‘made.

PROPOSAL FOR RESEARca BY THE’ HYDRAULICS: BRANCH |

e ‘._-‘It is. proposed to begm a general study of the influence of intake geometry :

.om. selective withdrawal. The initial study will be made in-a laboratory
‘flume to.develop testing procedures and instrumentation and to evaluate.

R “methods of inducing stratification. Some basic data on the ‘mechanism .of

ivuthdrawal from several levels.in a reservoir can also be obtdined at this:

" ‘time.  The methods: -will then be applied to a‘larger model, probably of an-
S _-emstmg reservoir, in.an- attempt to simulate observed prototype stratifi-
_.~cation-and. study: the effects of reservoir:-and intake geometry It'is hoped; o

_'that dtrect model prototype comparlsons can'be made

’ i:Fac:.llty Requu‘ements

T '-_jllgTemperature dlfference w111 be used to 1nduce stratlflcatlon The test :
flume w111 be located in: a relatlvely compact area so. that if: excesswe L




- heat losses appear to be a problem, the area can be enclosed and iso-
lated from the rest of the laboratory. A tentative layout of the test
facility is shown in Figure 4. : : :

The initial tests w111 be made with two-layer stratification. This will
.require water sources of two different temperatures, A small centrif-
‘ugal pump will be used to recirculate the layer under study, which will
' probably be. cooler than the static layer and slightly cooler than the room
. temperature. Increases in temperature caused by heat transfer from the

-warmer layer through the walls of the model, or from the pump, will be
‘compensated by enclosing a section of the c1rcu1atlon pipe in a temperature
- cooling tank. The tank will contam cool water flowing at a rate depending

" upon the required cooling rate. Three sides‘and the bottom of the testing
flume will be insulated by a 6-inch air space between two 3/4-inch ply-
wood sheets. The fourth side of the flume will consist of 2~inch-thick

- _plemglass to permit visual observation of the stratified layers and to

‘minimize heat transfer from the room. The top of the flume will con-

- sist of 1/2~inch-thick plexiglass located 6 inches above the water surface,

" The resulting air space will be saturated, and at the same temperature
as the water to prevent heat transfer! caused by evaporation at the water

..-surface, Measurements of temperature will be made: through instrumen- -

- tation ports in the plexiglass cover

The source-of the warm layer will be the subfloor water storage which is -

" used for hydraulic model tests. This water has a temperature of about 17°
. to 20° C' ‘which corresponds to a density of approximately 0.9988 to 0.9982

.gm/ml, Water from the city supply lines, which has a temperature of

o _about 7°C. (density of approxlmately 0.9999 gm/ml) will be used for the

more dense, lower layer. The dlsadvantage of this temperature range is

that it 1s in the upper port10n -of the- temperature-dens:.ty curve, Figure 5.
As the studies’ progress, it W111 become necessary to vary the tempera- =~
- ‘tures to perform tests for differing. den51ty ratios and to investigate multi-
" layered ior continuous density gradient: *81tuat10ns. -‘This variation could be -
:accomphshed e1ther by heatmg or: coolmg ' S e '

F}'Heatmg may be requ1red to move. the temperature-den51ty relatlon into the _

‘“more linear portion of the curve. This heating will be accomplished with

“:immersion heaters with-thermostatic:control. Dyes will be mixed at this -
time to fac111tate observatlon of the layers. S R

_.-f‘Instrumentatmn Requ1rements

Thermlstors w111 probably be used for temperature measurement - Many
types.are: commerc:.ally available. The sensors can be mounted on ver-. -
tical probes-or instdlled through the flume walls and can be used with the _' _
osc'llogra oh recorders -or the d1g1ta1 prmter presently ava11ab1e in the R




- :.-.;iTemperature contro]lers ‘W1]_1 also’ be necessary for use’ w1th umnersmn
.. ‘heaters:or similar heating devices. The controllers monitor the temper-
"ature ‘and actuate relays to. operate the ‘heaters when the temperature -de-
| parts from‘the preset reference temperature ‘One: channel of control is-
‘ -__;reqm.red for each temperature or den31ty layer -

lDlscharge rates and Water surface levels will: be determlned w1th ex1st-.--f' ‘
. inglaboratory meters and gages. :Velocities will bée measured with mJ.n- "y
- iature current meters or: by t1me -lapse photography of the movement of
o :dye tracers o L

T Ttis: hoped that ‘some type of- automatlc demce can be demsed to e11m1nate
“‘the 'necessity for manual control ‘and laborious-data monitoring. A scanner
-~wotild ‘be ‘required to sample data from each of severa] output channels at
_.speclfled time. 1nterva.'ls. : : i
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'CONVERSTON FACTORS--BRITISH TO METRIC UNITS OF MEASURFMENT _
. The  fallowing canversion factars mdopted by the Buresu of Reclemation are those publiszhed by the American Socdety for
Testing and Materiale (ASTM Metric Practice Guide, Jemuary 1964} except that edditicral factors (#) componly uwsed in

the Bureat have been sdded. - Further discormion of defiriticns of quartities and unita is given on pages 10-11. of the
ASTY Metric Practice Gudde. : . : . o S ;

The petric units and conversion factors adopted by the ASTM are baged on the "Interratiopal System of Unftc" (designated .
ST for Systeme International d'Undtes), fixed by .the Irternaticns)l Committee for Weights and Measures; t2de system 18

' also Jnown &5 the Glargl or MEKSA' (meter-Xilogran’ (mass)-pecond-ampere} system, This mysten bac. been adopted by the
International. Orgamieation for Standardization in ISO Recowsendstion H-31, T . -

"The matric techrios) umit of force is the Hlogrsm-force; this 16 thé force which, whien eprlied to a body Eaving s
mass of 1 kg, gives 1t an ecceleretion of 9.80655 m/sec/sece, the stondard accaleration of free fall toward the earth's -
~centar for sea 1ével at 45 dog letitude, The metfie unit of force in SI units is the newton (N}, which is defined ag .
that: farce which, when aprlied to e body having a mass of 1 kg, gives it an. mocelerntion of 1 m/sec/seq, These units - ¢
. -must be distinguished frem the (inconstant) local wedght of a body baving & mess of 1 kg; that 1a, the welght of.a- ;
‘body 1s that forca with which 2 body ie &ttructed to the earth and 18 equal to the mass of g body miltiplied: by the
‘aceelerution dus to gravity. However, because it 1o geneval prectice 1o use "pound": rether then the ‘technioally
. correct term “pound-foroe," the term "kilogram" (er derived mass unit) bas
foree" An expressing the:conversion factors for fordea., The newbop uolt of
- esgextial in ST undts. o e : o
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cei 77 ABSTRACT

" A search of available literature on r2éearch in siratified flow revealéed”

: . that the present rtate of regearch f\ydynamic, with many agencies and

- inatitutions in several countries in+olved, The report reviews the

i mechanics of stratified flow, including mathematical principles and -

‘criteria for similarity.- Alternative instrumentation systema are dis-

‘cussed. The reseirch activities of the Bureau of Reclamation are dé-

scribed and future research in hydraulica of stratified flow is propose::

; " Reaearch by the Hydraulics Branch will consist of general studies con=-*

cerning the influence of intake geometry on selective withdrawal from
" repervoirs. The initiat studies will be extended to determine the effects

" of reservoir geometry. Glves 89 references.
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A search of ayailable literature on research in stratified flow revealed

. that the present state of research is dynamie, with many agencies and

instltutions in several countries involved, The report reviews the
mechanics of stratified flow, including mathematical principles and

_criteria for similarity, Alternative instrumentation eystems are dis-
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of reservolr geometry. Gives 89 references.

ABSTRACT.

A search of available literature on research in stratified flow revealed
that the present state of research is dynamic, with many agencies and
institutlons in several:countries involved. The report reviews the
mechanics of stratified flow, including mathematical principles and
criteria for similarity, "Alternative instrumentation systems are dis-
cussed. The research activities of the Bureau of Reclamation are de-

_ seribed and future research in hydraulice of stratified flow is proposed,

Research by the Hydraulics Branch will consist of general atudies con-

- cerning the influence of intake geometry on selective withdrawal [rom

reaervoirs, The initlal atudies wili be extended to determine the effects
of reservolr geometry, Gives 89 references, -
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